A third generation plasma immersion ion implanter dedicated to biomedical materials and research has been designed and constructed. The distinct improvement over first and second generation multipurpose plasma immersion ion implantation equipment is that hybrid and combination techniques utilizing metal and gas plasmas, sputter deposition, and ion beam enhanced deposition can be effectively conducted in the same machine. The machine consists of four sets of high-efficiency metal arc plasma sources with magnetic filters, a custom designed high voltage modulator for operation up to 60 kV, a separate high-frequency, low-voltage power supply for hybrid treatment processes, special rotating sample stage for samples with an irregular shape, and other advanced features. The machine has been installed at Southwest Jiaotong University and operated reliably for 6 months. This article describes the design principles and performances of the machine as well as pertinent biomedical applications.
I. INTRODUCTION
Plasma immersion ion implantation ͑PIII͒ is a burgeoning surface modification technique circumventing the lineof-sight restriction inherent to conventional beam line ion implantation, and is suitable for the treatment of complexshaped parts and semiconductors. [1] [2] [3] [4] [5] To take full advantage of the technique, we designed and built a multipurpose plasma immersion ion implanter as well as a PIII machine dedicated to semiconductor research and processing several years ago. [6] [7] [8] [9] In spite of the success, commercial applications of PIII have been hampered by the relatively thin modified layers ͑hundreds of nm͒ and that nitrogen or gaseous ion PIII is only useful for certain materials and can only enhance the surface properties marginally in some cases.
PIII has been applied to the biomedical field since its inception, initially as a hip joint material. 5 Recently, there have been interests in the use of PIII to improve the surface properties of artificial teeth, hearts, and x-ray stents. [10] [11] [12] [13] [14] [15] [16] For biomedical materials and components, hybrid processes incorporating gaseous and metal ion plasma implantation are more effective. In light of this and other requirements, we have designed and constructed a third-generation plasma immersion ion implanter for biomedical materials and engineering, and the design is still flexible enough to enable other applications ͑Fig. 1͒. The new machine has been installed in Southwest Jiaotong University in China and operated reliably for over 6 months. In this article, we describe the design principles, important features of the instrument, and application examples in the biomedical field.
II. DESIGN PRINCIPLES
The third-generation machine was built based on the knowledge gained from our design and construction of our second generation machine, 6 our research and development and commercial work in the past several years, as well as the demands of the biomedical communities. The first requirement is that the machine must be versatile and incorporate various kinds of treatment tools in one vacuum chamber, for example, gaseous ion PIII, metal ion PIII, ion beam enhanced deposition ͑IBED͒, and sputter deposition. The second basic requirement is that specimens with an irregular a͒ Author to whom correspondence should be addressed. Tel: ͓ϩ852͔-27887724; Fax: ϩ852-27889549 or ͓ϩ852͔-27887830; electronic mail: paul.chu@cityu.edu.hk shape can be treated efficiently either by exploiting the immersion characteristics or introducing direct and simple sample manipulation.
In order to enhance the effectiveness of surface modification of materials, it is imperative that different elements, gaseous or metallic, can be introduced simultaneously or successively to form plasmas surrounding the specimens. High efficiency metal plasma arc sources should be designed for various biomedically important elements such as C ͑for diamond like carbon͒, Ti, Nb, and so on. To provide other means of producing plasmas, the machine should have a radio frequency ͑rf͒ plasma source, rf antenna, multifilaments modules for hot filament glow discharge, and a rf/dc sputtering mechanism. As a result, high dose rate implantation, metal plasma immersion ion implantation and deposition ͑MePIIID͒, hybrid gas and metal ion implantation, sputter deposition and various combination techniques can be conveniently carried out in concert or consecutively without breaking vacuum. The new design must also emulate the previous ones with respect to implant dose uniformity. The vacuum chamber must be designed for flexibility and future advancements. Therefore it must be large enough for typical industrial specimens and high voltage operation ͑to accommodate the thick plasma sheath͒, and has sufficient orifices for diagnostic and other monitoring equipment.
III. IMPORTANT FEATURES AND SPECIFICATIONS
In this section, the advanced features of the thirdgeneration machine are described. However, it should be noted that many components in this machine such as lead shielding for x-ray, built-in water cooling on the vacuum chamber wall, and so on are similar to those described previously, 6 and we will only describe those features that are not available or not as advanced in our second-generation machine.
͑1͒ Four sets of high current, pulsed cathodic arc metal ion plasma sources are symmetrically placed on the side of the vacuum chamber, as shown in Figs. 1 and 2 . The four sources consisting of magnetic filters to eliminate macroparticle contamination and bias plates to improve the plasma transport efficiency [17] [18] [19] [20] [21] [22] [23] [24] can be operated simultaneously or in series to enable conformal high flux metal implantation/ deposition or the introduction of different metallic elements into the plasma at the same time. The arc pulse duration can be continuously adjusted from 80 s to 2.5 ms and the pulse repetition frequency from 0 to 400 Hz. Our experiments reveal that the average deposition rate is higher than 0.21 nm/s as measured on a sample 200 mm from the exit of the magnetic filter. It should be noted because of the high initial kinetic energy of metallic ions coming out of the magnetic filter of the arc source, the implantation or deposition of metallic thin films has a line-of-sight characteristic. In order to treat specimens with an irregular shape such as an artificial heart valve and improve the implant dose uniformity, either multiple sources are fired simultaneously or a rotating high voltage sample holder is installed near the exit of the magnetic filter, or both. Its rotating speed is about 1 revolution/ min. This is high enough for practical uses and slow enough to avoid arcing or discharging during high voltage processes. Its position must be safely away from the exit of the magnetic filter to avoid interference from the high voltage. 25 In addition, in order to ensure stability of the arc discharge in the metal plasma sources, the metal cathode can be automatically moved to keep the distance between the cathode and anode the same during the entire treatment process.
͑2͒ The technical parameters of the high voltage modulator have been carefully investigated to avoid overdesigning. To keep the cost and x-ray emission down, a 65 kV pulsing power supply has been developed. The voltage is sufficient for most biomedical applications when combined with IBED. It should be noted that for metal ion implantation using a plasma arc source, the average charge state of the metal ions is higher than one, for example, 3.0 for Nb, 3.0 for Ta, 1.8-2.2 for Ti, 1.8-2.2 for Cr, and 3.0 for W. [17] [18] [19] [20] [21] [22] [23] [24] [25] For instance, when Ti ions are implanted at a voltage of 65 kV, the net implantation energy is 117-143 keV. The important specifications of the power modulator are: maximum output voltageϭ65 kV ͑5-65 kV continuously adjustable͒, maximum pulse output currentϭ50 A, maximum average output currentϭ160 mA, pulse repetition frequencyϭ5-500 Hz ͑continuously adjustable͒, rise time of pulse voltage ϭϳ40 kV/s, and pulse durationϭ5-80 s ͑continuously adjustable͒.
͑3͒ Our previous work has demonstrated that highfrequency, low-voltage PIII is a useful surface modification method. [26] [27] [28] [29] The process is intended to yield a thicker modi- fied layer and improve the adhesion between the deposited film and substrate. It can also be combined with hightemperature plasma nitriding to attain better surface properties and thus bodes well for biomedical materials and research. The new implanter is thus equipped with an inexpensive custom-designed low-voltage, high-frequency power supply enabling low-voltage treatment with high efficiency. The technical specifications are: output voltageϭ0-5 kV ͑continuously adjustable͒, maximum pulse output current ϭ10 A, maximum average output currentϭ500 mA, pulse durationϭ5-100 s ͑continuously adjustable͒, pulse repetition rateϭ5
Ϫ7 TLS Ϫ1 , respectively. This vacuum condition suffices for biomedical applications as far as gaseous contamination is concerned.
͑5͒ Eight sets of redesigned multifilament modules symmetrically inserted into the side of the chamber are used to ignite vacuum gas discharge plasmas in the chamber. An inductively coupled rf plasma source is placed at the center of the top flange to initiate the rf glow discharge. The rf gas plasma diffuses into the main vacuum chamber to effect ion implantation. This kind of rf gas plasma is often used to treat flat samples, in particular, semiconductor materials. In order to produce a uniform rf plasma throughout the entire chamber, a set of capacitively coupled antenna plates is inserted into the top flange into the chamber. An rf/dc sputter deposition system is also installed on the side of the chamber for sputter deposition. A Langmuir probe is installed through one of the orifices to measure the plasma density, electron temperature, and the variations in the vacuum chamber.
͑6͒ The uniformity of the plasma density measured in a 500 mm diameter and 350 mm tall region in the vacuum chamber is better than 98%. The radial plasma density uniformity measured in a radio frequency plasma excited in the inductive mode within a 600 mm radius is measured to be better than 98%. The measured plasma density uniformity in the rf plasma produced by the rf antenna in a 500 m diameter and 350 mm tall region is also better than 98%. The good plasma density uniformity makes uniform implantation possible, even though it has been shown that the sample geometry and placement affect the implant dose and energy more significantly. [30] [31] [32] [33] [34] [35] [36] [37] [38] The plasma density and electron temperature measured in a vacuum gas discharge plasma are 6.33 ϫ10 Ϫ9 cm Ϫ3 and 4.0 eV, respectively. The plasma density and electron temperature in the rf plasma produced inductively measured at a distance of 70 cm from the exit of the rf plasma source are 6.4ϫ10
Ϫ9 cm Ϫ3 and 16 eV, respectively. The plasma density and electron temperature measured in the rf plasma excited by the antenna are 2.1ϫ10
Ϫ9 cm Ϫ3 and 36 eV, respectively. It is noted that these results are typical values and if a higher plasma density is needed, the filament current or the output power of the rf generator can be increased correspondingly as the filament power supply and rf generator have been overdesigned for the additional capacity. ͑7͒ A custom designed gas feeding system is employed to transport different gases into the chamber. There are three mass flow meters in this system, and adjusting the mass flow meter can change the pressure of each individual gas in the chamber. Up to six different gases can be fed into the chamber and three gases can be premixed before bleeding into the chamber.
͑8͒ In order to enhance the coating efficiency, a custom designed magnetron sputtering system is installed on the top flange with a water-cooled target holder. The entire magnetron sputtering system is completely shielded using a removable aluminum casing to avoid contaminating the main chamber. When the magnetron sputtering system is not in use, it can be easily removed from the top flange.
IV. NEW BIOMEDICAL APPLICATIONS
The new machine greatly enhances the capabilities and efficiency with regard to biomedical materials research using plasma technologies. During the six months after the installation of the instrument, many new applications have spawn. In this article, we discuss the progress and status of our ongoing research work on the use of titanium oxide and diamond-like carbon ͑DLC͒ thin films to improve the surface properties and blood compatibility of artificial heart valves.
In China, valvular heart failure accounts for 30% of heart diseases and about 100 000 patients must have their heart valves replaced every year. Presently, low temperature isotropic pyrolytic carbon ͑LTIC͒ is generally regarded to be the best material for fabricating artificial heart valves. However, the material is brittle and its blood compatibility is not good enough for prolonged clinical use. As a result, thrombus often occurs in the patients who must continuously take anticoagulation medication. Hence the development of a ma- terial with better surface properties and blood compatibility is a real necessity for the biomedical community. Titanium oxide films are widely used in the optical and electronics industry because of their high refractive index and dielectric constant. [39] [40] [41] The blood compatibility of titanium oxide has also been studied in recent years. Rutile type titanium oxide ceramics and thermally oxidized TiO 2 and TiO x prepared by ion beam assisted deposition generally have good blood compatibility, and it has been found that when the oxide thickness exceeds 40 nm, its blood compatibility is better than that of LTIC. [42] [43] [44] [45] [46] Hence titanium oxide is a hopeful substitute for LTIC in artificial heart valves. Ti6A14V alloys also possess excellent mechanical properties, corrosion resistance, and plasticity. Thus TiO x films on Ti6A14V alloys should have good mechanical properties and blood compatibility. Using the PIII instrument described in this article and by carefully controlling the deposition and implantation rates of titanium and the density of the oxygen plasma, TiO x films with various compositions and properties can be fabricated. Ti6A14V is chosen as the substrate in lieu of LTIC for this work because the surface of Ti6A14V has a natural titanium oxide surface thin film, and so good adhesion between the fabricated TiO x film and the substrate can be accomplished. Figure 3 displays the microhardness data acquired from six samples treated using different conditions as well as the untreated substrate Ti6A14V ͑sample No. 0͒. 10 The processing conditions are listed in Table I . Because the TiO x film is quite thin ͑Ͻ1 m͒, the measured hardness is affected by the substrate. For example, there is not much difference among the samples when the load is 25 g, because the values basically reflect that of the substrate. In order to truly measure the microhardness of these thin films, a smaller load was used. The microhardness of the TiO x films is observed to increase with the oxygen partial pressure between the range of 0 and 3ϫ10 Ϫ2 Pa. When the oxygen partial pressure reaches 3ϫ10
Ϫ2 Pa, the microhardness attains a maximum value of 17 GPa. However, further increase in the oxygen pressure degrades the microhardness. The increase in the film hardness is probably due to the development of Ti 3 O 5 and TiO 2 phases, as indicated by x-ray diffraction data. We have also investigated the blood compatibility of the films after annealing. 47 Figure 4 exhibits the statistics of the platelet adhesion test. The number of adherent platelets on the surface of the IBED-TiO 2Ϫx film decreases by 30% after annealing, and the amount of adherent platelets on the TiO 2Ϫx is about 60% less than that observed on LTIC. In comparison, about 80% of the platelets on the surface of LTIC are in aggregation and pseudopodium state.
Diamond-like carbon ͑DLC͒ is another potential surface coating biomaterial for artificial heart valves and hip joints due to its higher hardness and chemical inertness. Using a carbon target in our metal arc vacuum source, we can deposit DLC films of good quality. 48 In the DLC fabrication process, the initial step involves high energy plasma implantation of carbon ions into the surface of the matrix to form a gradient layer between DLC and the matrix. Figure 5 depicts the Raman spectrum between 1000 and 1800 cm Ϫ1 showing an amorphous hydrogen-free DLC film as indicated by the broad asymmetric pattern. The peak at 1535 cmϪ1 can be deconvoluted into two Gaussian distributions with individual peaks at about 1350 and 1550 cm Ϫ1 ͑the D and G lines͒. It is almost the same as the Raman spectrum from a typical DLC film with the peak at 1536 cm Ϫ1 . 49 The Raman spectrum indicates overlapping components lying between the two main bands of polycrystalline graphite located at higher wave numbers than the diamond band ͑diamond peak at 1332 cm Ϫ1 ). It has been pointed out that a film showing such a Raman spectrum may contain some fourfold coordinated bonds (sp 3 ) with disorder. 50 The most common feature of the DLC is a broad peak lying between 1100 and 1700 cm Ϫ1 . Figure 6 depicts the results of blood clotting time measurement. The high optical absorbance means that less thrombi form on the materials surface. It shows, therefore, that the DLC film has better clotting properties than titanium metal. Figure 7 plots the statistics of the platelet adhesion data. The number of platelets adhered onto the surface of the DLC film is less than that on the titanium surface after 10 min and 1 hour of incubation time.
Our results have unequivocally demonstrated the excellent properties of biomaterials fabricated using our new plasma immersion ion implanter. With the new capabilities, plasma immersion ion implantation deposition has attracted the attention of the biomedical communities. Two such application examples are discussed here but many more applications will evolve as a result of the hardware advancement.
